Biologists regularly construct phylogenetic trees during their research in order to understand the evolutionary history of their subjects. Typically the actual phylogenetic tree is not known, and thus the phylogenetic tree produced is only an estimate. There are two main categories of phylogenetic tree construction, distance-based methods and character-based methods. In all cases, the effects of mutation rate and genetic compactness of species clusters on phylogenetic tree construction accuracy are not well understood. In order to test the correctness of a particular method, it is imperative to perform the study in a system for which the actual phylogenetic tree is known. Thus, realistic and complex simulations in which evolution and speciation occur provide a perfect platform for such a study. EcoSim is such a simulation, and is a simulation in which predator and prey agents interact, evolve, and speciate. Agents in EcoSim possess a complex, evolving, heritable behavioral model which provides meaningful evolution. Here, EcoSim was used as a platform on which to test the effects of mutation rate and speciation threshold on the accuracy of several distance-based phylogenetic tree construction methods. EcoSim has the ability to record all speciation events during a run, therefore we were able to construct the actual phylogenetic trees allowing us to properly compare estimation methods. We created four EcoSim run types: mutation rate increased (MRI), mutation rate decreased (MRD), speciation threshold increased (STI), and speciation threshold decreased (STD). We created five runs of each type, as well as five runs using the standard EcoSim configuration that all lasted 10000 time-steps. At various time-steps throughout each run, we performed Neighbor-Joining, UPGMA, and Fitch-Margoliash tree construction (with and without bootstrapping) on random subsets of 10 species that existed during that time-step, and compared the results to the actual phylogenetic tree using the symmetric distance metric. We found that Neighbor-Joining and Fitch-Margoliash performed nearly equally well, whereas UPGMA performed relatively poorly overall. Further, we found that an increase in speciation rate leads to performance losses in phylogenetic tree construction whereas modifying the mutation rate typically leads to performance gains.
Introduction
Phylogenetic tree construction is an important topic in biology. It provides many insights regarding the evolutionary history of a set of species, allowing researchers to better understand the organisms we observe today. Phylogenetic trees consist of edges, internal nodes, and external nodes (leaves). Leaves symbolize operational taxonomic units (OTUs) , which are the species we can actually observe, and extract data from, with which to construct the phylogenetic tree. The internal nodes represent hypothetical taxonomic units (HTUs), which are hypothetical most recent common ancestors to all species descending from them. Edges are often used to represent the relatedness of two nodes. In practice, phylogenetic trees are often only an estimate of the real phylogenetic tree, because the actual phylogenetic tree is typically not known. Depending on the data available, there are many methods that a researcher could use to construct a phylogenetic tree. These methods fall into two main categories: character-based methods and distance-based methods.
Distance-based methods could use many different data types to perform phylogenetic construction, which includes genetic distance from sequences, immunological data, and any other appropriate distance calculation. There are three very common methods of distance-based phylogenetic tree construction: Neighbor-Joining (NJ) (Saitou and Nei, 1987) , Unweighted Pair Group Method with Arithmentic Mean (UPGMA) (Sneath and Sokal, 1973) , and Fitch-Margoliash (FM) (Fitch and Margoliash, 1967) . Each algorithm makes specific assumptions and has known properties. For instance, UPGMA should produce a correct tree if distance data is ultrametic, that is, rates of evolution are constant among all taxa. In practice, this is rarely the case. The FM and NJ methods perform well when distance data is additive. This is also not typically the case. Each method, by default, generates a single phylogenetic tree for a given distance matrix. UPGMA is the most efficient algorithm of the three, with a time complexity of O(n 2 ) (Murtagh, 1984) . NJ performs in O(n 3 ) time (Mailund et al, 2006) , and FM runs in O(n 4 ) (Lespinats et al, 2011) . Euclidean distance between ndimensional points could be used for phylogenetic tree construction using a distance-based method since distance matrices could be constructed from this data. In contrast, character-based methods rely on phylogenetic characters such as behavioral, morphological, genetic, and molecular data to construct trees. In fact, any attribute that is heritable and ALIFE 14: Proceedings of the Fourteenth International Conference on the Synthesis and Simulation of Living Systems DOI: http://dx.doi. org/10.7551/978-0-262-32621-6-ch115 varies among the given taxa could potentially be a phylogenetic character (Grandcolas et al, 2001 ). Further, if necessary, attributes may be discretized in order to produce character states (Wiley and Lieberman, 2011) . Characterbased methods are typically far more computationally demanding than distance-based methods (Felsenstein, 1988) . However, character-based methods often perform better and are thus used more often than distance-based methods in natural studies since transforming character data to distances results in information loss (Felsenstein, 1988 ). Since we are not dealing with data from an actual biological system and are constructing many trees, we exclusively use distance-based methods for this experiment.
Bootstrapping is a common practice in phylogenetic tree construction (Felsenstein, 1985) . In bootstrapping, original data is resampled with character replacement (Felsenstein, 1985) . Normally, 100-1000 such resamplings occur, and a new tree is created for each resampling. Bootstrapping is often performed in conjunction with a consensus step during which the many trees created during bootstrapping are combined into one, and the proportion of trees in which each partition is present is also given as output. Thus, the researcher performing bootstrapping and consensus obtains an understanding of which regions of the tree are more likely true, and which regions are possibly erroneous. The final tree uses partitions that are the most represented partitions of all given trees during bootstrapping, and is known as a consensus tree (Felsenstein, 1988) . There are several methods of performing consensus, one of which is known as "majority rule extended". Majority rule extended consensus creates a tree using all most represented partitions, and thus the consensus tree is fully resolved (Felsenstein, 2004) . That is, all species in the original data set exist in the consensus tree. This is not the case for all consensus methods. There are many ways to calculate the similarity of two trees, however many are situational and many have not been verified. "Symmetric distance" is a tree dissimilarity measure that represents the dissimilarity of topology between two trees (Felsenstein, 2004) . It is a very fast distance to calculate, and there is a maximum distance any two trees can possibly have, given the same set of taxa. Thus, it is especially useful because it can be performed numerous times rapidly, and the resulting distances can be normalized by dividing by 2n-6, where n is the number of taxa. Therefore, trees with a normalized symmetric distance (NSD) of 1 share no partitions, and trees with a NSD of 0 are identical.
Given the nature of distance-based phylogenetic tree construction methods, it is reasonable to hypothesize that any factor that affects the positioning and tightness of species clusters in the space of all considered attributes should affect the accuracy of the estimated trees. Mutation rates, for instance, have been known to positively correlate with divergence between species for quite some time (Coyne, 1992; Weir and Schluter, 2008) . Thus, mutation rates likely affect the ability to construct accurate phylogenetic trees. Further, an increase in speciation rate causes the emergence of more, smaller species, with consequently less separation between them. With less separation between species, it would likely be more difficult to properly reconstruct the speciation events of the past.
In this study, we tested the effects of speciation thresholds and mutation rates on distance-based phylogenetic tree construction accuracy. In order to properly test the accuracy of phylogenetic tree construction methods, it is necessary to know the actual phylogenetic tree for the given set of taxa. Furthermore, having the necessary control over the testing environment and the ability to generate repeatable results is essential for any scientific study. A biological study of this scale and depth would be too demanding, in terms of time and resources, to perform. Thus, this type of study lends itself to being performed in a simulation environment. For a simulation to be a sufficient platform for a study of this nature, it must meet several requirements. First, since this is a study on phylogenetic tree construction, the simulation must allow evolution and speciation. Secondly, the simulation must be complex and realistic enough for its results to be valid. Thirdly, the simulation must be able to efficiently produce and store the appropriate data to allow phylogenetic tree construction to occur, and it must also store the series of speciation events that have occurred throughout the course of a run to allow proper comparison. Lastly, as Hang et al (Hang et al, 2007) and Hagstrom et al (Hagstrom et al, 2004 ) have concluded, natural selection must occur in a simulation environment in order to avoid underestimation of accuracy of phylogenetic tree construction methods. EcoSim is a simulation that satisfied all of these criteria, and therefore EcoSim was employed for this study. We have previously performed a similar study (Scott and Gras, 2012) using EcoSim to test phylogenetic tree construction methods. In the previous study, we only compared the effectiveness of various distance-based phylogenetic tree construction algorithms, without considering various factors that may affect their effectiveness. Here, we look deeper into the factors that affect the construction of phylogenetic trees, using EcoSim as a platform.
EcoSim, an Ecosystem Simulation
EcoSim is an agent-based ecosystem simulation in which predator and prey agents can interact, speciate, and evolve (Gras et al, 2009 ). Agents in the simulation have a complex and heritable behavior model allowing meaningful evolution to adapt the behaviors of predator and prey over time. The built-in speciation mechanism allows patterns to be analyzed at population, species, or individual scales. EcoSim is an especially interesting simulation because the behaviors of individuals affect both speciation and evolution. A fuzzy cognitive map (FCM) (Kosko, 1986 ) is used to represent each individual's genomic data which codes for its behavioral model. The FCM contains sensory concepts, internal states, and motor concepts. The FCM is a vector in 364-dimensional real space, where each axis represents the influence of one concept (inhibitory or excitatory) on another. For instance, the sensory concept "partnerClose", which is the perception of a possible sexual partner nearby, would likely decrease the internal states "stress" and "fear" and increase the internal states "satisfaction" and "sedentary", which should, in turn, increase motor concepts such as "wait", "reproduce", and "socialize". Since the relationships between these concepts evolve throughout the course of a run, the meanings of these concepts tend to change over time. This representation of the genome and behavior model provides not only a consequence and meaningfulness to evolution (that is, natural selection), but also a computationally efficient means of representing a complex concept. As the FCM is heritable, it is mainly responsible for the speciation, evolution, and behavioral models which make EcoSim so realistic, complex, and intriguing. EcoSim subscribes to the "genotypic cluster" species definition (Mallet, 1995) . Thus, species in EcoSim naturally form well-defined clusters of points in 364-dimensional space. In EcoSim, if any two conspecific individuals are more genetically distant than a pre-defined speciation threshold, the species will split and a new species will arise (Aspinall and Gras, 2010) . Every species in EcoSim is identified by an integer value beginning with 1. Thus, species 1 is a common ancestor for all other species in a run. EcoSim tracks all speciation events throughout a run, and therefore we are able to compare estimated phylogenetic trees with a factual tree. This is typically not the case in studies using real biological data. Since genomes in EcoSim are represented by 364-dimensional vectors, we can easily calculate the average genome of a species at any time-step. We can then use this data as input to a distance matrix, and thus we can perform and test any distance-based phylogenetic tree construction methods using data from EcoSim. Further, EcoSim has a robust parameter set and exhibits excellent customizability, thus we can easily modify the speciation threshold and mutation rate while leaving other characteristics of the simulation unaffected. A number of studies have been performed using EcoSim which further validate its use. For instance, EcoSim has been shown to exhibit chaotic behavior with multi-fractal properties (Golestani and Gras, 2010) and realistic species abundance patterns (Devaurs et al, 2010) . EcoSim has also been employed in studies of spatial and spatiotemporal distribution (Mashayekhi and Gras, 2012) , extinction (Mashayekhi et al, 2014) , the importance of predators on regulation of prey populations (Khater et al, 2014) , and the effects of physical obstacles on gene flow (Golestani et al, 2012) . In all studies, the results produced by EcoSim are consistent with findings from biological experiments.
Data Preparation and Phylogenetic Methods
EcoSim was modified from its original configuration (Normal), with mutation rate of 0.005 and speciation threshold of 3.0, to have its mutation rate parameter increased to 0.006 and decreased to 0.004 (MRI and MRD, respectively), and also to have its speciation threshold parameter increased to 3.5 and decreased to 2.5 (STI and STD, respectively), giving a total of five distinct run types. Five runs of each type were executed, to a maximum of 10000 time-steps. Among all runs, many characteristics differ since EcoSim is nondeterministic and chaotic. For instance, the average distance between species (standard deviation in parentheses) in the sampled time-steps of the Normal, STD, STI, MRD, and MRI runs were 1.15 (0.24), 0.993 (0.27), 1.25 (0.26), 1.14 (0.20), and 1.29 (0.30) respectively. Further, the average number of species in the sampled time-steps of the Normal, STD, STI, MRD, and MRI runs were 8.04 (3.29), 12.27 (5.94), 6.98 (2.05), 6.31 (2.36), and 8.36 (3.24), respectively. Each run was sampled every 500 time-steps starting at time-step 1500, as each run had enough species (more than 4) to warrant phylogenetic tree construction by this time-step.
It is interesting to consider an unnatural construct such as "speciation threshold" in a study of this sort. Though it is unnatural and a particular speciation threshold is arbitrary, we can still consider the relative effects of a particular threshold. We can consider speciation threshold as a maximum of intraspecific variation for any species. In fact, it is well-known that intraspecific genetic variation changes among species, communities, and populations. For instance, it has been shown in a study by Sides et al (Sides et al, 2014 ) that genetic variation in a community of related species increases with increased morphological variation.
A program was developed to automatically produce phylogenetic trees for each run in NEWICK format (Felsenstein, 2004) by obtaining data pertaining to species splitting events throughout each run of the simulation. Then, for each sampled time-step, a modified actual phylogenetic tree was produced consisting only of a randomly generated subset of species (of maximum size ten) that existed during that particular time-step. We implemented this limit on the number of species sampled per time-step because in a previous study (Scott and Gras, 2012) , we determined that the number of species in a particular phylogenetic tree greatly influenced the accuracy of estimation, despite normalization of tree distances. The identities of the randomly selected species were saved for production of distance matrices (and consequently phylogenetic tree estimations).
From the previously obtained samples, a program was developed to construct distance matrices using the original sample and then bootstrap samples as well, with 1000 resamplings. These distance matrices contained only the randomly chosen species that were previously mentioned, and consisted of Euclidean distances between FCMs of each of these species. After distance matrices were obtained, each tree construction method was performed (UPGMA, NJ, and FM) using "Neighbor" and "Fitch" of PHYLIP (the PHYLogeny Inference Package) (Felsenstein, 1989) . In the case of bootstrapping, majority extended consensus was performed using "Consense" of PHYLIP to obtain fully resolved consensus trees. After all of the trees were built, "TreeDist" of PHYLIP was employed to calculate the accuracy of the estimated trees using the aforementioned symmetric distance to measure the distance between estimated and actual trees.
In this study, the entire process of sampling and production of results was automated using scripts and programs that we developed. As mentioned in a previous study (Scott and Gras, 2012) , construction of each NJ and UPGMA tree takes less than a second, whereas FM trees can sometimes take up to ten seconds. Despite the fact that an EcoSim run may have to manage hundreds of thousands of "intelligent" agents simultaneously, the time complexity of the system is linear with respect to the number of agents. Thus, we can compute many time-steps in a relatively short time, giving us the ability to observe intriguing evolutionary phenomena and the inception and extinction of many species. For instance, an EcoSim run itself can take roughly a month of total computational time to produce 10000 time-steps, but this is dependent on the number of individuals in the simulation, among other factors such as the capabilities of the computers being used.
Results
For each run, an actual phylogenetic tree consisting of every species produced by the run was prepared. Figure 1 provides an example of such a tree, which was constructed for one of the five STI runs. For each of the sampled time-steps, the aforementioned distance matrices were prepared, along with all necessary trees. Using NSD, we obtained the accuracy of all estimated trees for each sample. Generally, no method performed very well (Figure 2) . Here, we did observe many perfect trees (NSD of 0), but we also observed many trees that are as incorrect as possible (NSD of 1). Though all methods performed poorly, we determined no method performed significantly better (one-way ANOVA, P = 0.1101). However, the standard deviation of each set of data was quite large, which will reduce the apparent significance. The standard deviation of these data sets were quite large because each run is unique and can produce many different types of species at any time-step. Overall, we observed that NJ with bootstrapping (NJB) was the best performer, though in this case it performed only marginally better than FM with bootstrapping (FMB). On average, trees produced by NJB exhibited a NSD of 0.511 (0.34), whereas the NSD for trees created by FMB was 0.516 (0.34). UPGMA, on the other hand, performed the worst overall with an average NSD of 0.564 (0.34), which was improved slightly to 0.557 (0.35) when implementing bootstrapping (UPGMAB). In fact, with all methods, bootstrapping slightly improved performance.
Typically, runs in which the mutation rate was modified produced more accurate trees than the original configuration (one-way ANOVA, P = 0.0055; Tukey's post hoc test, P < 0.05; Figure 2 ). Normal runs produced trees with an average NSD of 0.518 (0.32). In contrast, MRI runs produced trees with an average NSD of 0.473 (0.33), and the average NSD of trees produced in the MRD runs was 0.477 (.34). In the STI runs, the average NSD was 0.542 (0.32), and in the STD runs we observed an average NSD of 0.645 (0.29), which was the worst overall performance. The average normalized tree distance for each run type, grouped by phylogenetic tree construction method. UPGMA generally performed worse than NJ and FM. Modifying the mutation rate leads to better phylogenetic accuracy, whereas decreasing the speciation threshold leads to much worse phylogenetic accuracy.
Since separation between species was a factor we thought may be influential on phylogenetic tree construction accuracy, for every sampled time-step we correlated the average NSD of every tree against the average pairwise Euclidean distance between examined species (Figure 3 ). Generally speaking, we found a weak negative correlation between average pairwise Euclidean distance between species and average NSD (0.23 < The average normalized symmetric distance per average pairwise genetic distance between species, by run type. In all run types, average normalized symmetric distance seems loosely correlated to average distance between species (0.23 < R 2 < 0.58), but there are many other factors that can affect phylogenetic accuracy.
Conclusions
In our experiment, none of the distance-based phylogenetic tree construction methods performed well given the data from EcoSim. On average, all methods were able to correctly reconstruct slightly under half (47.1%) of the partitions in each tree, though trees did range from perfect to completely incorrect. These results are similar from our previous work (Scott and Gras, 2012) , in which we found the average tree to contain only 43.5% correct partitions. This is especially interesting because in our previous study we found that an important factor in determining tree accuracy was the number of species, even after normalization. So, although we limit the number of species sampled for each time-step in this study, we still see relatively poor performance of phylogenetic tree construction methods overall. In this study, we found FM, NJ, FMB, and NJB methods to perform very similarly well. This is mostly similar to our previous results, except for the case of NJ, which was the absolute worst performer overall in our previous experiment.
Interestingly, all methods performed best when the mutation rates were modified. Although we observe a correlation between separation between species and tree accuracy for all runs, it is difficult to understand why both decreasing and increasing mutation rates could lead to more accurate phylogenetic trees. The case of increasing mutation rate seems more intuitive, as an increased mutation rate could allow young species to diverge more rapidly from their sister species and thus improve the resolution of the tree. In the case of decreasing mutation rate, however, it may be the case that once a new species is created the species remains in a tighter cluster for a longer time, and because of this accuracy could be increased. The results reflect these concepts. When comparing the results of regression on the MRI and MRD graphs, it is interesting to note the difference in slope and the difference in correlation strength. With the mutation rate decreased, a stronger correlation is observable and NSD decreases more rapidly with increasing average pairwise species distance. In contrast, NSD decreases less rapidly with increasing pairwise distance between species with a weaker correlation when the mutation rate is increased. This indicates that when mutation rate is decreased, more distant species clusters yield more accurate phylogenies. When mutation rate is increased, this is less true, but better phylogenetic accuracy can be achieved with more similar species. With respect to speciation threshold, it is clear that decreasing the speciation threshold reduces phylogenetic accuracy. That is to say that species clusters occurring more tightly in the attribute space yield more inaccurate phylogenies.
We observe a much stronger correlation (R 2 = 0.58) between average pairwise distance between species and phylogenetic accuracy in the STD runs. This is likely because species sets containing very similar species (pairwise distance <= 1) often yield completely incorrect phylogenies. In contrast, for the STI runs, the correlation is weaker (R 2 = 0.31) but performance increases most rapidly with increasing distance (slope = -0.92). This may be because new species are already very distant from their sister species, which can decrease tree resolution. Interestingly, all phylogenetic tree construction methods performed nearly identically with respect to the normal and STI runs, except for UPGMA. In fact, UPGMA performed just as well as the other methods with respect to the normal runs, but exhibited severe performance losses when mutation rates and speciation thresholds were modified. However, the results of this experiment are more congruent with those of a study by Leitner et al (Leitner et al, 1996) , which concluded that FM was the most accurate, NJ was of intermediate accuracy, and UPGMA was the least accurate. Further, in both studies, perfect phylogenies were often produced. This study may be more congruent with theirs than our previous study because of the fact that the number of species analyzed in each study is more comparable (they used 9 species, and on average in our previous study we had 29.52).
In the future, we would like to study whether selection of a certain type of attribute (for instance, highly variable or invariable) for use in distance-based phylogenetic tree construction could yield better performance. In this study, we used the entire FCM which may be a reason we observe decreased performance compared to some other studies. It may be the case that overall there are many noisy attributes in the FCM, and some attributes may provide a better phylogenetic signal than others. However, work in phylogenomics (Phylippe et al, 2005; Snel et al, 2005) suggests that using entire genomes increases phylogenetic signal. Further, since some aspects of the effect of mutation rates and speciation thresholds on phylogenetic tree accuracy are still unclear, a logical extension of this study would be to create more run types to see if we can more fully understand the relationships. For instance, instead of having only one bracket of speciation thresholds around the original configuration, it may be better to have three or four brackets (as in a STI1, STI2, STI3, STD1, STD2, STD3) centered about the speciation threshold of the original configuration (and then do the same for mutation rate). Then, we may find that there is some optimal speciation threshold or mutation rate that yields better phylogenies, as it may be the case that the relationships between phylogenetic accuracy and speciation threshold or mutation rates are parabolic, not linear.
